The participation of a thermochemical (dark) reaction in the photoreversal of ultraviolet (UV) injury is indicated by a temperature dependence in studies with S. griseus, E. coli B/r, E. coli B, and phages of E. coli B (Kelner, 1949 a; Kelner, 1949 b; Johnson et al., 1950; Dulbecco, 1950) and by departures from the reciprocity law in studies with S. griseus, E. coli B/r, and phage of E. coli B (Kehaer, 1949 a; Kelner, 1949 b; Dulbecco, 1950) . If photoreversal does involve a dark reaction in addition to the photochemical reaction, it should be possible to increase the efficiency of a given dose of visible light by administering it in flashes, just as the photosynthetic efficiency of a given dose of light is increased by flashing the light (Brown and Escombe, 1905; Warburg, 1920) . It might be possible to separate the dark and light reactions of photoreversal as has been done in photosynthesis (Emerson and Arnold, 1932) .
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(Received for publication, July 1, 1955) The participation of a thermochemical (dark) reaction in the photoreversal of ultraviolet (UV) injury is indicated by a temperature dependence in studies with S. griseus, E. coli B/r, E. coli B, and phages of E. coli B (Kelner, 1949 a; Kelner, 1949 b; Johnson et al., 1950; Dulbecco, 1950) and by departures from the reciprocity law in studies with S. griseus, E. coli B/r, and phage of E. coli B (Kehaer, 1949 a; Kelner, 1949 b; Dulbecco, 1950) . If photoreversal does involve a dark reaction in addition to the photochemical reaction, it should be possible to increase the efficiency of a given dose of visible light by administering it in flashes, just as the photosynthetic efficiency of a given dose of light is increased by flashing the light (Brown and Escombe, 1905; Warburg, 1920) . It might be possible to separate the dark and light reactions of photoreversal as has been done in photosynthesis (Emerson and Arnold, 1932) .
The present report considers the relative efficiency of intermittent as compared to continuous light after a given UV injury. Since a dose of light ddivered intermittently must be administered over a longer period of time than continuous light of the same intensity, the effect of varying the intensity (dosage constant) of the photoreversing visible light was also studied to determine whether duration of application of the light had any effect on photoreversah
Materials and Methods
Light from an atmospheric pressure quartz mercury arc lamp and from a superhigh pressure A.C. mercury arc lamp (Ames type C) was passed through monoehromators to obtain respectively, wave length 2654 A (UV) for inducing division delay, and 4350 A (blue) for photoreversah The monochromatic fight in each case was reflected up through the bottom of a quartz reaction cell containing the protozoa. The intensity of fight striking the reaction cell was measured with a thermopilegalvanometer system calibrated against standard lamps.
To flash the fight, a disc with sections removed was interposed in the light path and rotated by a variable speed motor. The light-dark ratio of flashing was varied by removing sectors of different degrees. The rate of flashing was determined with
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a calibrated stroboscope (General Radio Co. strobotac; i.e.,). Neutral Wratten filters and cellophane filters were employed to vary the intensity of the blue light and UV respectively.
The protozoan, Telruhymena pyriforr~is (geleii), (Kidder's strain W), 1 was selected as the experimental organism for most of the experiments. It can be grown axenically, an advantage over the~only other protozoan species in which photoreversal had been previously reported, Paramecium aurelia (Kimball and Gaither, 1951) and Col1~idium colpoda (Giese el a/., 1952) , in that the influence of another organism on the environment and on photoreversal can be avoided. Like other protozoa, individuals rather than mass cultures can be studied. After treatment with monochromatic light, single organisms may be isolated into hanging drops of nutrient and observed for activity and division under a dissecting microscope. Deviation from the normal division pattern of T. pyriformis was used as the criterion of radiation effect. Photoreversal was judged by the degree of recovery from the UV-altered division pattern.
The tetrahymenas were maintained free of contaminants during all manipulations. They were transferred and incubated in a dust-free constant temperature room (20 =t: 0.5°C). With the exception of using a nichrome loop for stock mass culture inoculations, the organisms were manipulated with hand-pulled glass pipettes while viewed with a dissecting microscope (X 18). Ruby safelight bulbs were used to illuminate working rooms; light from the microscope lamp was filtered through a water cell and a number 2408 Coming filter, having a sharp cutoff at 6300 A.
Organisms taken from a mass culture are not homogeneous as to their interdivision ages or their states of nutrition. By selecting dividing organisms from a well fed 3 day clone and allowing them to complete division and to feed in nutrient medium 2 for 90 minutes before use, experimental animals of fairly uniform "age" were obtained. The animals were then washed free of nutrient medium by three successive transfers in sterile balanced salt solution (after Osterhout; see Taylor & Strickland, 1935) and placed in groups of 25 in balanced salt solution in the quartz reaction ceils for treatment. These reaction cells were kept in individual damp chambers enclosed in a light-tight box to be transported to the treatment room. All exposures were made at room temperature (21-24°C.).
Seventy minutes after the beginning of treatment the group of organisms was supplied nutrient medium and each animal was introduced into a drop (1 to 2 lambda volume) of sterile nutrient medium on a 2 X 3 inch slide. This slide was then inverted over a Stendor dish containing 1 ml. of sterile nutrient medium to maintain damphesS; the lip of the Stendor dish had been coated with petroleum jelly to seal the slide. Such preparations rarely became contaminated~ and provided a means of keeping animals of each experimental group conveniently together to observe the progress of their individual clones. Contaminated preparations were discarded.
Observations were made every few hours during actively dividing stages, and were continued to the sixth division or until cytolysis had occurred. Some experil We are indebted to Dr. G. Kidder for kindly sending us this and other strains. mental groups had to be watched 6 weeks or more, depending on the state of the organisms prior to treatment and on the nature of their treatment. The number of organisms per done counted at each observation (N) was converted to the number of divisions (D) by applying the equation N .ffi (2) a. The division patterns of the different experimental groups were compared by plotting the average number of divisions against time. The effects of different treatments (within a given experiment) were compared by determining the average number of divisions reached by a given group at 40 hours.
EXPEP YM'ENTAL
The Effect of Ultraviolet on the Division Pattern of Tetrahymena.--
As a result of UV treatment Tetrahymena pyriformis, like P. aurelia and P. multimicronucleatum (Giese and Reed, 1940; Kimball and Gaither, 1951) , shows a static period during which no division occurs. Irradiation with 450 ergs/mmY of 2654 A (equivalent t o 6 × 10 ~ quanta/rainY) characteristically results in a predivision delay of about I5 hours, followed by two divisions and then a cessation of division lasting from a day to several weeks. During this latter time the organisms become smaller, rounder, and appear more opaque to the red light used for observation. Animals which are about to resume division can be recognized by their increase in size and transparency. Hanging drops containing tetrahymenas were observed periodically until one or more organisms from each done divided, or until cytolysis was evident. In most experiments it was not possible to determine whether all four animals of a drop eventually divided, since the progeny of the first animal of the four to resume division soon obscured the undivided animals. To determine whether each animal divides it is necessary to isolate each one into a separate drop of nutrient medium. When this is done, resumption of division by members of the same clone varies, sometimes by many days, but always the animals regain their normal division rate after a few divisions. Doses smaller than 450 ergs/mm. 2 cause less delay before division and a shorter cessation period; larger doses cause longer delay before division, fewer divisions before cessation, longer cessation period, and less recovery from the cessation periods ( Fig. 1) .
In some experiments appreciable time elapsed before washed animals could be treated, or before treated animals could be given nutrient. It was determined, however, that a delay of 3 hours after the organisms have been placed in balanced salt solution before UV irradiation has no effect on the division pattern, and 2 hours sojourn in the balanced salt solution before isolation after treatment also has no apparent effect. In all further experiments an arbitrary time of 70 minutes was allowed to elapse after the beginning of treatment before the organisms received nutrient. This allowed time for the longest possible treatment period (limited by evaporation from the reaction cell) and yet made it possible for all organisms, no matter what treatment they had received, to receive nutrient after a uniform time lapse.
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The Effects of Different Intensities and Flashing of Ultraviolet Light.-
For a given dosage (450 ergs/mm, 2 of 2654 A), variation of intensity of UV was found to be of consequence. Intensifies ranging from i to 19 ergs/mmHsec. were tested. It was not possible in one experiment to cover the whole intensity range. In a typical experiment which covered the intensity range of 1.32 to 13.0 ergs/mm?/sec, the injurious effect of UV on the division pattern increased from the low to the high intensity (Fig~ 2). Since the arc source rapidly lost intensity, only one experiment could be performed at 19 ergs/mmY/sec. This experiment indicated that this high intensity 2654 A produced less division delay than equivalent doses in the 10 to 15 ergs/mm,~/sec, intensity range. In the intensity range of 5 to 15 ergs/mm;/sec, the UV effect on the division pattern seemed to obey the reciprocity law quite well.
In conjunction with the studies on the effect of UV intensity, the light was given intermittently in some of the experiments to determine the effects of a dark period following the light flash. Only at the high intensity of 19 ergs/mm.2/ see., where the effect on division is less than maximum for the dosage, does flashing light increase the UV injury. light equal to 500 times the number of UV quanta used for injury. As seen in Fig. 3 , a dose of 137,000 ergs/mm. ~ of 4350 A (equivalent to 500 X (6 X 10 ~) or 3 X 10 z6 quanta/ram. ~) produces a striking photoreverml; while 34,250 and 27,400 ergs/mm. ~ produce only a slight amount of photoreversal. Intermediate doses give intermediate effects. Exposure of non-irradiated organisms to a high dose of blue light alone has never had an influence on the normal division pattern, nor has a comparable dose of blue light administered immediately prior to the UV treatment lessened the UV effect.
The Effect of Intermittent Blue Light on Photore~ersal.--
In preliminary experiments, application of intermittent light of 3500 flashes per minute obtained by use of a disc five-sixth dark indicated that photoreversal was noticeably increased over that produced by the same dose of blue light (68,500 ergs/mm. 2) applied continuously at the same intensity. This held with either A.C. or D.C. operation of the lamp, although the lamp is extinguished 120 times a second when operated on A.C.V.C. operation was thereafter aban- doned because the lamps burned out so frequently as to make an experimental series prohibitively expensive. Intermittent light given in equal doses to nonirradiated organisms had no effect on the division pattern.
The first series of flashing experiments was designed to determine the relationship between the light-dark ratio and the amount of photoreversal when the frequency of flashing was maintained constant at 0300 flashes per minute and a constant light dose of 58,500 ergs/mm? of blue light was given. A series which varied from 0 to 95.8 per cent dark showed that photoreversal increases as the length of the dark period increases (Fig. 4) , and that the light reaction must require less than 4 X 10 ~ seconds.for completion.
In the second series the approximate time for the dark reaction was determined. The dark period was varied while maintaining a constant light period of 0.0025 second and a dose of 68,500 ergs/mm.2 The time selected for the light period was not the minimal time for the light reaction to occur, hut rather was limited by the mechanics of the flashing apparatus. Nevertheless, the compari- son of the effect of varying the length of time of the dark reaction should be valid for determining the order of magnitude of time for the dark reaction. At room temperature it requires a few hundredths of a second for completion (Fig. S) . The intermittent light study was limited in scope by two factors. All light treatments had to be performed at room temperature (21-24°C.) as the temperature of the exposure chambers could not be varied without seriously affecting the use of the light-measuring devices availsble. Light periods shorter than
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0.0025 second could not be tested, due to restrictions imposed by the equipment available for producing the intermittent light.
The Effect of Intermittent Photoreversing Light in Colpidium colpoda.--
To determine whether the efficiency of a given dose of photoreversing blue light (4350 A monochromatic) could be increased in some other organism be- sides T. pyriformis, a series of experiments was performed with Colpidium ¢olpoda. This organism was currently being used in the laboratory so that it was possible to apply the techniques for handling and photoreversal which had already been worked out (Giese et al., 1952) . That flashing light is more effective than the same dosage of continuous light for photoreversing UV injury to
Colpidium is seen in Fig. 6 . 68,500 ergs/mm2 of continuous blue light delivered at different intensities was tested. A series of intensities ranging from 35.8 to 453.0 ergs/mm.2/sec, was investigated (Fig. 7 ). The lowest intensity tested was found to produce the most photoreversal. It is possible that at a still lower intensity, the light quanta might not be delivered rapidly enough for photoreversal. Lower intensifies were not tested because the exposure time then becomes too large a part of the life cycle of the organism.
Since it might be argued that a dose of light flashed is more effective merely because of its lower average intensity, the effects on photoreversal of flashed light and of continuous light of a lower absolute intensity had to be distinguished.
Experiments were therefore performed to compare the effect of low intensity blue with high intensity blue flashed at various frequencies, a light-dark ratio being chosen such that the treatment time with the flashed light would be the same as with the continuous light for a given dose. The results shown in Fig. 8 demonstrate that while low intensity of continuous light is more effective in photoreversing UV injury than high light intensity of low frequency flashing, it is not as effective as high intensity light at a high frequency of flashing.
DISCUSSION
The step in cell metabolism photoreversed by visible light has been most incisively investigated by Kelner (1953) , who showed that in E. co~ UV interfetes with formation of DNA but not with RNA. In the same series of experiments he demonstrated that bacteria treated with photoreversing dosages of visible light recover the capacity to form DNA to a corresponding extent.
If a UV-induced poison (Novick and Szilard, 1949) blocks DNA synthesis, then photoreversal is probably concerned with the removal of this poison. In photoreversal the first step only is a photc~hemical reaction. This is followed by a thermochemical reaction, with a high temperature coefficient (Kelner, 1950; Dulbecco, 1950) , which fails to occur in the frozen state (Helnrnetz and Taylor, 1951) .
If a dark reaction of considerable duration follows the absorption of light, then the photorever~l should fail to obey the reciprocity law strictly. Low intensity light should be more effective than high, and flashing light with dark periods between flashes more effective than continuous. Both of these have been demonstrated in Tetrahymena. Bowen (1953 a, b) , on the basis of the kinetics of photoreversal for phage T2 of E. coti B, postulates the light reaction step initially to be rate-determining in photoreversal. As the light reduces the available amount of light-absorbing material, a steady state condition is reached in which the amount of lightabsorbing m~terial present is determined by the interaction of the light and the dark reactions. The maximum steady state rate of photoreversal is highly temperature-dependent.
In his experiments Bowen "varied" the intensity by means of intermittent light, and found light flashed over a frequency range of 60 to 14,400 flashes per minute to have a constant effect for photoreversing UV injury to phage; a comparison with continuous light was not reported. This effect is contrasted with the photoreversal of Tetrahymena in which blue light of a high intensity was flashed at different frequencies with a dark-light ratio such that the ex-posure time for a given dosage of light was the same for all cases. When frequencies of 3000 to 12,000 flashes per minute were compared to continuous illumination, notable variation resulted. For Tetrakymena light flashed in this frequency range is not equivalent to a lower intensity of continuous light.
Bowen's "flashing light experiments" involved 5 second "flashes" of light (the intensity of which was "varied" by flashing) followed by 5 minute dark periods. With the same dose, more effective photoreversal was obtained with "intermittent" light than with "continuous" illumination. Such long dark periods could not be tested for Tetrakymena since its life cycle is too short in comparison to the time necessary to administer a photoreversing dose. The long clark period for phage may account for the fact that so great a flashing range (3000 to 12,000 per minute) has a constant effect in photoreversal.
The A produces a lag before the first division followed by a period of cessation of fission after the second division. This cessation sometimes lasts as long as 6 weeks, during which time the animals become smaller and rounder and more opaque. Organisms about to resume division increase in size and transparency; after a few divisions the animals regain their normal division rate.
3. The effect of UV ranging in intensity from 5 to 15 ergs/mm.2/sec, was found to obey the reciprocity law quite well for the UV effect on the division pattern of T. pyriformis. However, the same dose at lower and at higher intensities was less effective.
4. The effect of a dose of UV delivered at high intensity (19 ergs/mm2/sec.) could be increased by flashing the light, indicating that the system became saturated in the continuous light.
5. A photoreversing dose of monochromatic blue light of wave length 4350 A
